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Abstract
In recent years, allergies due to airborne pollen allergens have shown an increasing trend, along with the severity of allergic
symptoms in most industrialized countries, while synergism with other common atmospheric pollutants has also been identified
as affecting the overall quality of citizenly life. In this study, we propose the state-of-the-art WRF-Chem model, which is a
complex Eulerian meteorological model integrated on-line with atmospheric chemistry. We used a combination of the WRF-
Chem extended towards birch pollen, and the emission module based on heating degree days, which has not been tested before.
The simulations were run for the moderate season in terms of birch pollen concentrations (year 2015) and high season (year 2016)
over Central Europe, which were validated against 11 observational stations located in Poland. The results show that there is a big
difference in the model’s performance for the two modelled years. In general, the model overestimates birch pollen concentra-
tions for the moderate season and highly underestimates birch pollen concentrations for the year 2016. The model was able to
predict birch pollen concentrations for first allergy symptoms (above 20 pollen m−3) as well as for severe symptoms (above 90
pollen m−3) with probability of detection at 0.78 and 0.68 and success ratio at 0.75 and 0.57, respectively for the year 2015.
However, the model failed to reproduce these parameters for the year 2016. The results indicate the potential role of correcting the
total seasonal pollen emission in improving the model’s performance, especially for specific years in terms of pollen productivity.
The application of chemical transport models such as WRF-Chem for pollen modelling provides a great opportunity for
simultaneous simulations of chemical air pollution and allergic pollen with one goal, which is a step forward for studying and
understanding the co-exposure of these particles in the air.
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Introduction
Exposure to respirable allergenic materials (aeroallergens)
from bioaerosols can stimulate the production of antibodies
in the human body and cause allergic airway diseases (AAD),
such as asthma, and allergic rhinitis (Adhikari et al. 2006).
AAD is a serious public health concern worldwide with the
most prevalent impacts among children and adolescents
(Miguel et al. 2006; Taylor et al. 2007). Pollen allergy is a
reaction of the human immune system to certain allergens
carried by airborne pollen. Allergic rhinitis affects approxi-
mately 10 to 30% of the global population according to the
WAO White Book on Allergy: Update 2013 (Pawankar et al.
2013). Symptoms of allergic rhinitis were reported by almost
a quarter of respondents in the largest Polish epidemiological
study to date (ECAP) (Samoliński et al. 2009). In the general
population of Europe, the prevalence of Betula (birch) pollen
sensitization ranges from 8 to 16% (Biedermann et al. 2019).
In a Polish epidemiological study, positive skin prick tests
with birch pollen allergens were recorded in 14.9% of the
representative population (Samoliński et al. 2014).
In recent years, allergies due to airborne pollen have shown
an increasing trend, along with the severity of allergic symp-
toms in most industrialized countries, while synergism with
other common atmospheric pollutants has also been identified
as affecting the overall quality of citizenly life (Després et al.
2012). The combined exposure to chemical and biological air
pollutants (henceforth, “chemical pollutants” will be called
“pollutants”) may strengthen allergenic reactions (Baldacci
et al. 2015). In addition, air pollutants may directly interact
with airborne pollen grains, affecting their morphological fea-
tures and altering allergic properties (Behrendt and Becker
2001). Various air pollutants can act as adjuvants to allergenic
pollen, thereby increasing the frequency and/or severity of
allergic airway diseases (Behrendt and Becker 2001), such
that being able to predict the timing of the pollen season rel-
ative to peak pollution times is important. The need to consid-
er both pollen and pollutant contents for the epidemiologic
evaluation of environmental determinants in respiratory aller-
gies has recently been reported (Schiavoni et al. 2017).
The allergic symptoms usually start with the pollen season
and vary in severity. The triggering of allergic reactions is
highly correlated with airborne pollen concentration levels.
Different individuals may experience symptoms of varying
severity for the same level of concentration (Voukantsis
et al. 2010). This highlights the need to produce pollen con-
centration forecasts and disseminate this information in a
timely manner to those potentially impacted people, in order
to better manage the severity of their allergic reactions.
More than 10 years ago, pollen dispersion was either
modelled by the Lagrangian trajectory models such as
CALPUFF (Pfender et al. 2006), HYSPLIT (Stach et al.
2007; Hernández-Ceballos et al. 2011) or Finnish
Emergency Dispersion Modelling System (SILAM) (Sofiev
et al. 2006), or by Gaussian advection-diffusion models such
as ADMS (Hunt et al. 2001), Acquilon (Dupont et al. 2006) or
METRAS (Schueler and Schlünzen 2006). In the last decade,
there has been a growing effort to simulate regional pollen
dispersal with more complex Eulerian regional air-quality
models. These models include a detailed description of phys-
ical and chemical processes in the atmosphere as well as the
ability to estimate the co-exposure of air pollution and
bioaerosols with the same modelling framework. They also
include transport of air pollution and bioaerosols from other
countries, while some of them can quantify feedbacks be-
tween bioaerosols, air pollution, and weather. However, the
application of these models is still complicated because of the
high computing costs (even as the problem is getting smaller
with increasing capabilities of computers) and their complex-
ity concerning, among others, configuration and the amount of
input information. The number of applications for the Eulerian
chemical transport model for birch pollen has recently in-
creased, e.g. within the Monitoring of Atmospheric
Composition and Climate (MACC, http://www.gmes-
atmosphere.eu) project. For the MACC project, seven
models, i.e. CHIMERE, EMEP model of EMEP/MSC-W,
EURAD-IM, LOTOS-EUROS, MATCH, MOCAGE, and
SILAM, with the emission module proposed by Sofiev et al.
(2013) were used to simulate birch pollen concentration over
Europe (Sofiev et al. 2015). The results were validated for
several countries in western and north-eastern Europe but
not for Poland. The results showed that Eulerian, regional
models have great potential for reproducing the main charac-
teristics of birch pollen season and birch pollen concentrations
over Europe.
There are two main modelling approaches used within the
Eulerian models—offline and online systems (Baklanov
2010; Baklanov et al. 2014). The online integration of mete-
orological models and chemical transport models (CTMs)
provides an opportunity to use 3D meteorological fields
in CTM at each time step. It also allows for considering
the impact of air pollution on meteorological processes
and then on the atmospheric chemical composition, which
is especially relevant for the modelling of chemical com-
pounds (e.g. NOx or O3). The offline approach is more
computationally efficient compared to the online
approach—one simulation with the meteorological model
can provide input data to many simulations with chemical
transport models. A list of the advantages of both the
online and offline approaches is given by Baklanov
(2010). The application of Eulerian models for pollen
modelling within the last 10 years included both offline
approach, e.g. with SILAM (Sofiev et al. 2015; Galán
et al. 2017; Sofiev 2019) and online approach, e.g. with
COSMO-ART (Pauling et al. 2012; Zink et al. 2013) and
Enviro-HIRLAM (Kurganskiy et al. 2020).
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In this study, we propose the state-of-the-art WRF-Chem
model, which is a complex Eulerian meteorological model
integrated on-line with atmospheric chemistry. The model
has had many applications for air quality (chemical pollutants)
simulations in many countries, including those in Europe
(Baklanov et al. 2014). Here, we use a combination of the
WRF-Chem extended towards birch pollen and the emission
module based on parameterization proposed by Sofiev et al.
(2013), both of which have not been previously used together.
The main question is whether the modelling system based on
the WRF-Chem model is able to reproduce birch pollen con-
centrations for various cases, in terms of pollen productivity
and pollen seasons, and provide allergic people reliable infor-
mation on birch pollen levels. We focus on the threshold con-
centrations of birch pollen, which cause various allergenic
symptoms among impacted people. We evaluate the model
results in the context of the main parameters describing the
season (e.g. start and end of the season, seasonal pollen inte-
gral), and temporal variations in birch pollen concentrations
through comparison with daily measurements from 11 sta-
tions located in Poland.
Data and methods
WRF-Chem model
TheWeather Research and Forecasting model with Chemistry
(WRF-Chem) has been widely used for calculations of air
pollution concentrations in a re-analysis and forecasting mode
(Baklanov et al. 2014). The forecasting system of meteorolo-
gy and air pollution based on WRF-Chem was developed at
the University of Wroclaw (Werner et al. 2015), and the re-
sults are available at their geoportal (https://powietrze.uni.
wroc.pl). The model has many options for physical
parameterizations as well as gas-phase chemical mechanisms,
photolysis processes, and aerosol schemes. WRF-Chem de-
scribes the major processes that are important for atmospheric
transport of bioaerosols, such as convective transport, turbu-
lent mixing, and dry and wet deposition. A complete
description of the model is given by Grell et al. (2005) and
Fast et al. (2006). The model can work with several chemical
mechanisms and different aerosol modules, and is widely used
in atmospheric transport models including the Model for
Simulating Aerosol Interactions and Chemistry (MOSAIC),
Modal Aerosol Dynamic model for Europe (MADE), and
the bulk aerosol module from GOCART, which was used in
this study.
The chemical component ofWRF-Chem is fully consistent
with the meteorological component (Grell and Baklanov
2011). Hence, both meteorological and air quality compo-
nents use the same physics schemes for the sub-grid scale
transport, the same grid on the horizontal and vertical
coordinates, and the same atmospheric transport scheme (ad-
vection and diffusion) which preserves air and scalar mass
(Tsarpalis et al. 2018). The GOCART module includes algo-
rithms for dry deposition and gravitational settling (Legrand
et al. 2018; Ukhov et al. 2020). The gravitational settling
parameterization is based on calculation of settling velocity,
which depends on particle density and size. The wet deposi-
tion parameterization is based on the Jung scheme (Tsarpalis
et al. 2018) and includes both in-cloud (rainout) and below-
cloud (washout) scavenging.
The computational domain covers Europe at a 12 km ×
12 km grid (Fig. 1). Initial and boundary conditions for mete-
orological fields were obtained from the NCEP FNL
Operational Global Analysis data with a horizontal resolution
of 1° × 1°, 27 (32 since 11 May 2016) vertical levels, and
temporal resolution of 6 h. The data were interpolated to the
model grid using the WRF pre-processing system (WPS).
Model configurations regarding physical parameters are the
same as in Werner et al. (2019a).
Emission model
Birch pollen emission was calculated based on heating degree
day (HDD) threshold parameterization whose original version
is described in detail by Sofiev et al. (2013). Below, we pro-
vide the main concept of the emission module and input data
that were used to calculate emissions for our domain. The flow
chart of the modelling process is given in Fig. 2.
Meteorological parameters were obtained from the ERA5 re-
analysis dataset (https://www.ecmwf.int/). The data covers the
Earth with c.a. 30 km × 30 km grid and is available with 1-h
temporal resolution. The model assumes that the birch pro-
ductivity is the same in all years and equal to 109 pollen m−
2 season−1. The emission model calculations were done sepa-
rately from the model run as a pre-processing step. In the first
step, we calculated the sum of daily temperature above a cut-
off level (3.5 °C) from the 1st of March. If the calculated sum
exceeded the temperature sum thresholds at any grid in the
domain, the emission model would then start the calculation
of birch pollen emissions for this area. The maps of the tem-
perature sum threshold for the start of the season and cut-off
level were taken from the study of Siljamo et al. (2013) and
Sofiev et al. (2013). The rate of heat accumulation is the main
controlling parameter for pollen emission: the model estab-
lishes direct proportionality between the flowering stage and
a fraction of heat sum accumulated to date (Linkosalo et al.
2010; Sofiev et al. 2015).
A release flux of pollen grains expressed in the number of
grains emitted from 1 m2 of birch forest within 1 s was calcu-
lated for each model grid cell. Apart from temperature, three
meteorology-dependent corrections were applied to the dy-
namic release rate: wind speed, relative humidity, and precip-
itation rate. In general, there is no pollen release if the weather
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is cool, if there is high relative humidity, or if it is rainy.
Precipitation and humidity-related corrections are derived
from known “prohibiting” thresholds totally suppressing the
pollen release (Sofiev et al. 2013). The lower and upper
thresholds of relative humidity taken are respectively 50 and
80%; for precipitation, it is 0 and 0.5 mm h−1. Strong wind
promotes release by up to 50%. In the last step, the calculated
emission was multiplied by the fraction of the birch forest for
each grid cell provided by the European Forest Inventory
(EFI, https://www.efi.int/knowledge/maps/treespecies). The
EFI database contains a set of 1 × 1 km2 tree species maps
showing the distribution of 20 tree species over Europe. The
data are based on dendrometric data from 17 countries in
Europe. In areas with national forest inventory data, area
proportions covered by the 20 species were obtained by
compositional kriging. For the rest of Europe, a multinomial
logistic regression model was fitted to ICP-level-I plots using
various abiotic factors as predictors (soil, biogeographical
zones, bioindicators derived from temperature, and
precipitation data). Details are given in Brus et al. (2012).
The end of the season is described via the open-pocket prin-
ciple: the flowering continues until the initially available
amount of pollen is completely released (Sofiev et al. 2013).
Study period
The simulations were done for the years 2015 and 2016,
which were very different in terms of birch pollen concentra-
tions. The season 2016 in Poland was characterized by high
birch pollen concentrations (Weryszko-Chmielewska et al.
2016; Kubik-Komar et al. 2019). The birch annual pollen
sums were several times higher compared to 2015. For exam-
ple, for Wroclaw, it was 3 times higher (Weryszko-
Chmielewska et al. 2016), whereas for Lublin, it was up to
even 16 times higher (Kubik-Komar et al. 2019). The birch
pollen season in 2016 was also influenced by a long-distance
transport with air masses from Northern Africa (Puc et al.
2016). Simulations for these 2 years provide an opportunity
Fig. 1 Simulation domain (left) and location of stations in Poland (right)
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Fig. 2 Flow chart of the birch
pollen modelling process
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to verify whether the model is capable of properly simulating
birch pollen concentrations at different conditions in terms of
level of concentrations. The simulations with the WRF-Chem
model were run from the 1st of April to May 15th.
Observational data and model evaluation
Measured birch pollen concentrations from 11 stations (Fig. 1)
were provided by the Allergen Research Centre and
cooperating university centres in Poland. The data were gath-
ered using a Burkard or Lanzoni 7-day volumetric pollen trap
based on the Hirst design (Hirst 1952) and analyzed following
recommendations from the International Association for
Aerobiology (Galán et al. 2014). The observations are avail-
able as daily mean concentrations expressed as the number of
pollen grains per 1 m−3 of air (pollen m−3).
The modelled hourly birch pollen concentrations were ag-
gregated into daily mean values for comparison with observa-
tions. To validate the modelling results, first, we compared
modelled and measured values of the primary parameters de-
scribing the season, i.e. its start and end and seasonal pollen
integral (SPIn). The start and end of the season were calculat-
ed as the dates when 5 and 95% of the cumulative seasonal
pollen sums of the observed pollen concentrations were re-
spectively reached. The SPIn was calculated as the sum of
daily pollen concentrations over the whole birch pollen season
(Galán et al. 2017). Afterwards, we then calculated the stan-
dard statistical metrics such as the following: mean bias (MB),
mean absolute error (MAE), correlation coefficient (R),
fractional bias (FB), and fractional absolute error (FAE) (Yu
et al. 2006). The equations are provided in Table 1 .
In the next step, we checked if the model can simulate high
birch pollen concentrations, relevant for allergic individuals.
The threshold values of birch pollen concentrations were pro-
posed by Rapiejko et al. (2004) (Table 2). We used these
values to convert birch pollen concentrations into a binary
event and summarized by a contingency table (Table 3). The
following criteria are used: hits (correct forecast and event),
misses (observed but not forecasted event), false alarms (fore-
cast but not observed event), and correct rejections (correct
forecast of non-event) (Wilks 2011). Based on the contingen-
cy table, we prepared the performance diagram, which sum-
marizes and compares the results for the various birch pollen
threshold values. The statistics used by the performance dia-
gram are given in Table 4. The results for an ideal model are
located in the upper right corner of the performance diagram.-
Style2–
Results
The start of the birch pollen season calculated with WRF-
Chem varies from April 03 to April 12 and from April 02 to
April 07 for the years 2015 and 2016, respectively (Fig. 3).
For most of the domain, the season starts between April 07
and 09 for the year 2015 and between April 03 and 04 for the
year 2016. In general, the season starts earlier in the west and
later in the north and north-east Poland which is in agreement
with the general pattern of the vegetation season (Wypych
Table 1 Definitions of error statistics used in the study. O is for observed values and M is for modelled values
Statistic Formula Range of values Expected value
Mean bias (MB) MB ¼ 1N ΣN1 Mi−Oið Þ (−Ō, +∞) 0
Mean absolute error (MAE) MAE ¼ 1N ΣN1 jMi−Oij (0, +∞) 0
Correlation coefficient (R) R ¼ ∑
N
i¼1 Mi−Mð Þ Oi−Oð Þ
∑Ni¼1 Mi−Mð Þ2∑Ni¼1 Oi−Oð Þ2
 1
2
(− 1, 1) 1
Fractional bias (FB) FB ¼ 1N ΣN1 Mi−Oið ÞMiþOið Þ=2 (− 2, 2) 0
Fractional absolute error (FAE) FAE ¼ 1N ΣN1 jMi−Oi jMþOið Þ=2 (0,2) 0
Table 2 The concentration of birch pollen and the corresponding
clinical symptoms
Symptoms Birch pollen (pollen m−3)
First symptoms 20
Symptoms in all subjects 75
Severe symptoms 90
Symptoms of dyspnea 155
Table 3 Contingency table. Counts a, b, c, and d are the total number of
hits, false alarms, misses, and correct rejections, respectively
Event observed




et al. 2017). A later start of the season was calculated for the
mountainous area in the south of the country for the year 2015,
e.g. Tatra Mountains. This later start in the mountains is not
noticed in the year 2016. A comparison of the modelled and
observed start of the season shows that at all stations and in
both years, the model calculates the start of the season earlier
than the one calculated from observations. The mean differ-
ence between the model and observations is 3 days in 2015
and 2 days in 2016.
The end of the birch pollen season calculated with WRF-
Chem is more stretched over time than the start of the season
(Fig. 4). It varies from April 21 to May 08 in 2015 and from
April 12 toMay 06 in 2016. The season ends at the latest in the
mountainous regions of southern Poland for the year 2015,
whereas in 2016, over a large area (including mountainous
area), it ends on May 06. The model predicts the end of the
season earlier than that calculated from observations. The
mean difference between the model and observations is 9 days
in 2015 and 4 days in 2016. The smallest difference between
the model and observations (3–4 days) for both years is in
southern Poland (Wrocław, Opole, Kraków).
According to the model, the seasonal pollen integral over
Poland varies from 80,000 to 450,000 pollen m−3 in 2015 and
from 26,000 to 350,000 pollen m−3 in 2016 (Fig. 5). The
highest values cover especially north-east, south-east, and
western Poland, which correspond to the high contribution
of birch trees in land use. The observed SPIn is overestimated
by the model for the year 2015 and underestimated for the
year 2016. The mean difference between the model and ob-
servations is 24,000 and − 18,000 g m−3 for the year 2015 and
2016, respectively.
The performance diagrams are presented in Fig. 6. The
figures show that for 2015, the WRF-Chem model is able to
predict birch pollen concentrations that cause allergic symp-
toms at all subjects (> 90 pollen m−3) with the probability of
detection at 0.7, BIAS at 1.2, and success ratio at 0.6. For the
year 2016, the probability of detection of high birch pollen
concentrations (≥ 75, ≥ 90, ≥ 155) is low and does not exceed
0.35.
A summary of the standard performance statistics is given
in Table 5. The correlation coefficients between modelled and
observed birch pollen concentrations are similar for both years
and equal to 0.34 and 0.31, for 2015 and 2016, respectively.
MB shows that the model overestimates the observed birch
pollen concentrations for the year 2015 and underestimated
them for 2016. FB indicates that the underestimation in 2016
(FB = − 1.43) is higher than the overestimation in 2015 (FB =
0.10). The fractional absolute error is also higher for 2016
(FAE = 1.65) compared to 2015 (FAE = 1.45).-Style4–
Modelled and observed time series of birch pollen concen-
trations are shown in Figs. 7 and 8. For the year 2015, the
WRF-Chem model correctly calculates the time of the first
biggest peak of birch pollen concentrations for stations located
in southern Poland (Wrocław, Kraków, and Opole). For some
stations, i.e. Sosnowiec, Łódź, and Lublin, the model’s first
peak is too early compared to the observed due to the too early
start of the season calculated by the model. In the year 2015,
Table 4 Statistics used by the performance diagram
Statistic Equation
Probability of detection POD = a/(a + c)
Success ratio SR = 1 − (b/(a + b))
Bias BIAS = (a + b)/(a + c)
Critical Success Index (threat score) CSI = a/(a + b + c)
Fig. 3 Modelled and observed (signed by dots) date of start (date of 5% of the cumulative seasonal total) of the birch pollen season for the year 2015 (left)
and 2016 (right)
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there are also two stations (Bydgoszcz and Szczecin) for
which modelled concentrations are highly over-predicted.
For the year 2016, the time of the first peak is in general
calculated by the model correctly; however, the concentra-
tions are significantly underestimated for all stations.
Discussion
TheWRF-Chemmodel with emission parameterization based
on heating degree days managed to calculate the main char-
acteristics of the birch pollen season in Poland. In most of the
stations, the start of the seasonwas calculated with an error not
larger than 3 days in the year 2015 and smaller than 2 days in
the year 2016. The spatial distribution of the season’s start in
2015 is in agreement with the general pattern of the vegetation
season in Poland, with the latest start in the mountainous area.
This pattern is not replicated in the year 2016, which can
confirm that the beginning of the season in Poland was under
the influence of long-distance atmospheric transport (Puc et al.
2016). In case of the season’s end, the model was closer to the
observations for the year 2016—in most of the stations, the
difference was not bigger than 2 days. For the year 2015, the
mean difference between the modelled and observed season’s
start was 9 days.
The study by Sofiev et al. (2015) shows that the ensemble
approach (seven regional models) has captured the season
onset over Europe for the year 2013 with an error of a couple
Fig. 4 Modelled and observed (signed by dots) date of end (date of 95% of the cumulative seasonal total) of the birch pollen season for the year 2015
(left) and 2016 (right)
Fig. 5 Modelled and observed (signed by dots) seasonal pollen integral over Poland for the year 2015 and 2016
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of days. The mean error for the season’s start from all stations
for the individual model did not exceed 5 days. In case of the
end of the season, they have shown that the error usually stays
within 5 days but can also reach several weeks, especially in
the mountainous regions (e.g. Alps). In our study, the biggest
difference between the modelled and observed end of the sea-
son was minus 17 and minus 18 days for 2015 and 2016
respectively, which means that the end of the season calculat-
ed by the model was earlier than shown by observations. For
the other stations, differences for both years were also nega-
tive or equal to 0. Due to the fact that the end of the season in
our model is described via the open-pocket principle, the too-
early end of the season could be related to the following: (1)
too early start of the season, (2) model overestimating the first
peaks in the season, and (3) too low birch productivity as-
sumed in the model. In these situations, the initially available
amount of pollen is completed too early in the model, which
affects the time of the season’s end. However, the end of the
season is a less important parameter, as it has not so relevant
impact on the modelled concentrations in the main season
such as the date of the season’s start (Sofiev et al. 2015).
Seasonal pollen integral was overestimated by the model
for the moderate birch pollen season (2015) and
underestimated for the season with high birch pollen concen-
trations (2016). Underestimation for the year 2016 was much
higher than overestimation for 2015. The SPIn modelled
values for the year 2016 were 3 times lower at 11 (out of 12
stations) and 10 times lower at 2 stations (Kraków and
Lublin). Sofiev et al. (2015) showed that chemical transport
models better reflect the SPIn for moderate pollen seasons
than seasons with relatively low or high concentrations.
They also emphasize that currently, there is no model for
year-to-year variation in birch productivity. The total amount
of pollen stored in catkins depends on the previous year’s
summer and, to some extent, the following winter conditions
(Tseng et al. 2020), which are not included in the current
emission model developed for chemical transport models.
Previous studies have also shown that year-to-year variability
in airborne Betula pollen concentrations is related to the bien-
nial cycle of pollen production (Spieksma et al. 2003;
Grewling et al. 2012; Kubik-Komar et al. 2019). This cycle
has been observed at most of the Polish sites (Latałowa et al.
2002; Grewling et al. 2012; Malkiewicz et al. 2016; Kubik-
Komar et al. 2019). However, it was also shown that the
Fig. 6 Performance diagram for the threshold birch pollen concentrations
based on Polish stations for the season 2015 (left) and 2016 (right).
Threshold concentrations: (1) 20 pollen m−3—first symptoms, (2) 75
pollen m−3—symptoms in all subjects, (3) 90 pollen m−3—severe symp-
toms, and (4) 155 pollen m−3—symptoms of dyspnea
Table 5 Mean statistics based on daily birch pollen observations over






MB MAE R FB FAE
2015 73.23 133.71 60.48 117.27 0.34 0.10 1.45
2016 551.72 91.02 − 459.71 500.07 0.31 − 1.43 1.65
Fig. 7 Time series of daily modelled and observed birch pollen
concentrations for the year 2015 (left) and 2016 (right). Stations from






biennial cyclic rhythm can be interrupted by asynchronous
years or the intensity of pollen seasons can be similar during
consecutive years (Grewling et al. 2012; Piotrowska and
Kubik-Komar 2012), which is a challenge for chemical trans-
port models. On the other hand, the underestimation of ob-
served concentrations by chemical transport models is well
known from many studies related to chemical air pollution
(Tuccella et al. 2012; Forkel et al. 2014; Werner et al. 2018).
This underestimation is linked with the averaging of primary
emissions and then concentrations across the model grid,
which is compared with monitor locations that might be more
influenced by local emission sources than the grid average
(Dore et al. 2012). This relation, i.e. the distance between
the birch pollen emission sources and the observational site,
and additionally the grid size will also have an impact on the
model performance for birch pollen concentrations.
Validation of chemical transport models for birch pollen
over Europe has been done by Sofiev et al. (2015) and
Kurganskiy et al. (2020). Sofiev et al. (2015) presented the
results for six individual models and for the ensemble ap-
proach based on comparison of the modelled concentrations
with stations located in 11 European countries for the year
2013. The correlation coefficient (mean for all stations) for
individual models varied from 0.28 to 0.41, while the mean
from all models was equal to 0.38. Kurganskiy et al. (2020)
ran the Enviro-HIRLAMmodel over Europe and validated the
results against stations located in Finland, Russia, and
Denmark for the year 2006. They ran three types of sim-
ulations: (1) a standard run, (2) a run that includes a cor-
rection for 2-m air temperature based on observational
data, and (3) a simulation that includes both the correction
for temperature and a grid-based scaling factor for pollen
emission based on pollen observations. For each simula-
tion type, they also used three different types of birch
cover data. The results for the second and third type of
simulations are shown in this paper. The correlation coef-
ficient varied from 0.42 to 0.59 for simulations with T2
bias correction (the value depended on the birch cover
map), and from 0.68 to 0.72 for simulations with scaling
factor for pollen emissions. FAE varied from 0.81 to 1.21
and from 0.75 to 0.77 for the second and third type of
simulations, respectively.
Our study presents the results for different years and
configurations of observational stations than the study of
Sofiev et al. (2015) and Kurganskiy et al. (2020). Therefore,
we should not directly compare the statistics between these
modelling results. Our results show that the model’s perfor-
mance can vary a lot, especially in terms of MB or MAE for
2 years with different pollen seasonal characteristics if no
emission correction is used. The correlation coefficient for
our results is at a similar level (0.34 and 0.31 for 2015 and
2016, respectively) to that presented in Sofiev et al. (2015).
The fractional absolute error (1.45 for 2015 and 1.65 for 2016)
is similar to the results presented by Kurganskiy et al. (2020)
for their run with T2 bias correction included. Their work,
however, has shown a significant improvement in the
modelled birch pollen concentrations after application of a
grid-bases scaling factor for pollen emission based on pollen
observations. Sofiev (2019) has also suggested that a lasting
improvement in pollen modelling can be obtained if assimila-
tion targets the emission parameters. His experiment con-
firmed that correction of the total seasonal pollen emission is
possible, efficient, and has a positive impact on the whole
modelled season. The experiment, however, used the whole-
season data and thus this solution cannot be used, for example,
in operational forecasting (Sofiev 2019).
The statistical model for predicting high Corylus (hazel),
Alnus (alder), and Betula (birch) concentration levels, based
on long-term observations and gridded meteorological data,
was developed for Poland by Nowosad (2015). This model
has provided satisfactory results for birch and was able to
correctly predict 88% of high pollen concentrations, defined
as first allergy symptoms during exposure (≥ 20 pollen m−3).
This type of models requires a relatively dense observational
network and long-term time series of observations as input.
The deterministic WRF-Chem model used here predicted the
first symptoms (≥ 20 g m−3) with probability of detection at
0.78 and a success ratio at 0.75 for the moderate birch pollen
season in 2015. The results were worse for the season with
high birch pollen concentrations (year 2016). This shows that
the WRF-Chem model can extend the set of tools used for
pollen modelling in Poland. That being said, more effort is
needed to improve the model’s performance for the years with
high pollen productivity.
TheWRF-Chemmodel was able to reproduce the timing of
the first peak of birch pollen concentration in the season at
stations in southern Poland for the year 2015 (i.e. Wrocław,
Opole, Kraków). For other stations, this first peak is over-
estimated, which has further impact on the SPIn value and
modelled end of the season. For the year 2016, the model
underestimates the observed concentrations during the whole
season. This indicates the potential role of correcting the total
seasonal pollen emission in improving the model’s perfor-
mance, as suggested by Kurganskiy et al. (2020) and Sofiev
(2019).
Previous studies on PM modelling for Poland have shown
that the WRF-Chem model’s performance can be improved
significantly even after assimilation of observational data only
at the start of simulation (Werner et al. 2019b). This is espe-
cially relevant for forecasts for which initial conditions have a
great impact on the modelling results for hours that follow.
The rapid development of automatic methods in pollen
Fig. 8 Time series of daily modelled and observed birch pollen
concentrations for the year 2015 (left) and 2016 (right). Stations from
central, eastern, and northern Poland
Int J Biometeorol
counting (Šaulienė et al. 2019) offers a great opportunity for
application of data assimilation methods for pollen modelling
in the future.
Summary and conclusions
In this study, we developed the WRF-Chem model towards
birch pollen modelling and then ran the model with birch
pollen emission calculated with parameterization proposed
by Sofiev et al. (2013). This combination of models has not
been tested before. The simulations were run for two seasons:
(1) season 2015, which was moderate in terms of birch pollen
concentrations, and (2) season 2016, which was characterized
by high birch pollen concentrations. The simulations were run
over Central Europe and validated against 11 observational
stations located in Poland. The results show that there is a
big difference in the model’s performance between the mod-
erate (year 2015) and high birch pollen season (year 2016). In
general, the model overestimates SPIn and birch pollen con-
centrations for the moderate season and highly underestimates
birch pollen concentrations for the year 2016. For the year
2015, the model was able to predict birch pollen concentra-
tions for the first allergy symptoms (above 20 pollen m−3) as
well as for severe symptoms (above 90 pollen m−3) with a
probability of detection equalling 0.78 and 0.68 and a success
ratio equalling 0.75 and 0.57, respectively. The model failed
to predict these parameters for the year 2016. The results in-
dicate the potential role of correcting the total seasonal pollen
emission (2019) in improving the model performance for spe-
cific years in terms of pollen productivity. Prediction of high
birch pollen concentrations is very important, as birch pollen
have a significant impact on the quality of life and productiv-
ity of allergy sufferers. Prediction models, for example, can
allow allergy sufferers to undertake the appropriate treatment
(Nowosad 2015; Nowosad et al. 2016).
It has been emphasized in previous studies that the com-
bined exposure to chemical and biological air pollutants may
also strengthen (both synergistically and additively) allergic
reactions (Baldacci et al. 2015; Grewling et al. 2019).
Therefore, application of chemical transport models such as
WRF-Chem for pollenmodelling provides a great opportunity
for simultaneous simulations of chemical air pollution and
allergic pollen with one goal, which is a step forward for
studying and understanding the co-exposure of these particles
in the air.
Funding This research was funded by the Polish National Science Centre
project no. UMO-2017/25/B/ST10/00926. The research was supported
by the European Union’s Horizon 2020 research and innovation pro-
gramme under grant agreement no. 856599. We are grateful to Michael
Gauss of the Meteorologisk Institutt in Norway for his support in the
preparation of this paper.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.
References
Adhikari A, Reponen T, Grinshpun SA, Martuzevicius D, LeMasters G
(2006) Correlation of ambient inhalable bioaerosols with particulate
matter and ozone: a two-year study. Environ Pollut 140:16–28.
https://doi.org/10.1016/j.envpol.2005.07.004
Baklanov A (2010) Chemical weather forecasting: a new concept of
integrated modelling. Adv Sci Res 4:23–27. https://doi.org/10.
5194/asr-4-23-2010
Baklanov A, Schlünzen K, Suppan P, Baldasano J, Brunner D,
Aksoyoglu S, Carmichael G, Douros J, Flemming J, Forkel R,
Galmarini S, Gauss M, Grell G, Hirtl M, Joffre S, Jorba O, Kaas
E, Kaasik M, Kallos G, Kong X, Korsholm U, Kurganskiy A,
Kushta J, Lohmann U, Mahura A, Manders-Groot A, Maurizi A,
Moussiopoulos N, Rao ST, Savage N, Seigneur C, Sokhi RS,
Solazzo E, Solomos S, Sørensen B, Tsegas G, Vignati E, Vogel B,
Zhang Y (2014) Online coupled regional meteorology chemistry
models in Europe: current status and prospects. Atmos Chem Phys
14:317–398. https://doi.org/10.5194/acp-14-317-2014
Baldacci S, Maio S, Cerrai S, Sarno G, Baïz N, Simoni M, Annesi-
Maesano I, Viegi G (2015) Allergy and asthma: effects of the expo-
sure to particulate matter and biological allergens. Respir Med 109:
1089–1104. https://doi.org/10.1016/j.rmed.2015.05.017
Behrendt H, Becker WM (2001) Localization, release and bioavailability
of pollen allergens: the influence of environmental factors. Curr
Opin Immunol 13:709–715. https://doi.org/10.1016/S0952-
7915(01)00283-7
Biedermann T, Winther L, Till SJ et al (2019) Birch pollen allergy in
Europe. Allergy Eur J Allergy Clin Immunol 74:1237–1248
Brus DJ, Hengeveld G, Goedhart PW (2012) Statistical mapping of tree
species over Europe. Eur J For Res 131:145–157. https://doi.org/10.
1007/s10342-011-0513-5
Després VR, Alex Huffman J, Burrows SM et al (2012) Primary biolog-
ical aerosol particles in the atmosphere: a review. Tellus B 64.
https://doi.org/10.3402/tellusb.v64i0.15598
Dore AJ, Kryza M, Hall JR, Hallsworth S, Keller VJD, Vieno M, Sutton
MA (2012) The influence of model grid resolution on estimation of
national scale nitrogen deposition and exceedance of critical loads.
Biogeosciences 9:1597–1609. https://doi.org/10.5194/bg-9-1597-
2012
Dupont S, Brunet Y, Jarosz N (2006) Eulerian modelling of pollen dis-
persal over heterogeneous vegetation canopies. Agric For Meteorol
141:82–104. https://doi.org/10.1016/j.agrformet.2006.09.004
Fast JD, Gustafson WI, Easter RC et al (2006) Evolution of ozone, par-
ticulates, and aerosol direct radiative forcing in the vicinity of
Houston using a fully coupled meteorology-chemistry-aerosol mod-
el. J Geophys Res 111:D21305. https://doi.org/10.1029/
2005JD006721
Int J Biometeorol
Forkel R, Balzarini A, Baró R, Bianconi R, Curci G, Jiménez-Guerrero P,
Hirtl M, Honzak L, Lorenz C, Im U, Pérez JL, Pirovano G, San José
R, Tuccella P, Werhahn J, Žabkar R (2014) Analysis of the WRF-
Chem contributions to AQMEII phase2 with respect to aerosol ra-
diative feedbacks onmeteorology and pollutant distributions. Atmos
Environ 115:1–16. https://doi.org/10.1016/j.atmosenv.2014.10.056
Galán C, Smith M, Thibaudon M et al (2014) Pollen monitoring: mini-
mum requirements and reproducibility of analysis. Aerobiologia
(Bologna) 30:385–395. https://doi.org/10.1007/s10453-014-9335-5
Galán C, Ariatti A, Bonini M, Clot B, Crouzy B, Dahl A, Fernandez-
González D, Frenguelli G, Gehrig R, Isard S, Levetin E, Li DW,
Mandrioli P, Rogers CA, Thibaudon M, Sauliene I, Skjoth C, Smith
M, Sofiev M (2017) Recommended terminology for aerobiological
studies. Aerobiologia (Bologna) 33:293–295. https://doi.org/10.
1007/s10453-017-9496-0
Grell G, Baklanov A (2011) Integrated modeling for forecasting weather
and air quality: a call for fully coupled approaches. Atmos Environ
45:6845–6851. https://doi.org/10.1016/j.atmosenv.2011.01.017
Grell G, Peckham SE, Schmitz R et al (2005) Fully coupled “online”
chemistry within the WRF model. Atmos Environ 39:6957–6975.
https://doi.org/10.1016/j.atmosenv.2005.04.027
Grewling Ł, Jackowiak B, Nowak M, Uruska A, Smith M (2012)
Variations and trends of birch pollen seasons during 15 years
(1996-2010) in relation to weather conditions in Poznań (Western
Poland). Grana 51:280–292. https://doi.org/10.1080/00173134.
2012.700727
Grewling Ł, Frątczak A, Kostecki Ł et al (2019) Biological and chemical
air pollutants in an urban area of central Europe: Co-exposure
Assessment. Aerosol Air Qual Res. https://doi.org/10.4209/aaqr.
2018.10.0365
Hernández-Ceballos MA, García-Mozo H, Adame JA et al (2011)
Determination of potential sources of Quercus airborne pollen in
Córdoba city (southern Spain) using back-trajectory analysis.
Aerobiologia (Bologna) 27:261–276. https://doi.org/10.1007/
s10453-011-9195-1
Hirst JM (1952) An automatic volumetric spore trap. Ann Appl Biol 39:
257–265. https://doi.org/10.1111/j.1744-7348.1952.tb00904.x
Hunt JCR, Higson HL, Walklate PJ, Sweet JB (2001) Modelling the
dispersion and cross-fertilisation of pollen from GM crops, Final
report to the Department for Environment, Food and Rural Affairs
(formerly Ministry of Agriculture, Fisheries and Food). Cambridge
Environmental Research Consultants Ltd, Cambridge.
Kubik-Komar A, Piotrowska-Weryszko K, Weryszko-Chmielewska E,
Kuna-Broniowska I, Chłopek K, Myszkowska D, Puc M,
Rapiejko P, Ziemianin M, Dąbrowska-Zapart K, Lipiec A (2019)
A study on the spatial and temporal variability in airborne Betula
pollen concentration in five cities in Poland using multivariate anal-
yses. Sci Total Environ 660:1070–1078. https://doi.org/10.1016/j.
scitotenv.2019.01.098
Kurganskiy A, Skjøth CA, Baklanov A et al (2020) Incorporation of
pollen data in source maps is vital for pollen dispersion models
20:2099–2121. https://doi.org/10.5194/acp-20-2099-2020
Latałowa M, Mi tus M, Uruska A (2002) Seasonal variations in the at-
mospheric Betula pollen count in Gdańsk (southern Baltic coast) in
relation to meteorological parameters. Aerobiologia (Bologna) 18:
33–43. https://doi.org/10.1023/A:1014905611834
Legrand SL, Polashenski C, Letcher TW et al (2018) The AFWA dust
emissions scheme for the GOCART aerosol model in WRF-Chem.
Geosci Model Dev Discuss 12:131–166. https://doi.org/10.5194/
gmd-2018-169
Linkosalo T, Ranta H, Oksanen A, Siljamo P, Luomajoki A, Kukkonen J,
Sofiev M (2010) A double-threshold temperature sum model for
predicting the flowering duration and relative intensity of Betula
pendula and B. pubescens. Agric For Meteorol 150:1579–1584.
https://doi.org/10.1016/j.agrformet.2010.08.007
MalkiewiczM, Drzeniecka-Osiadacz A, Krynicka J (2016) The dynamics
of the Corylus, Alnus, and Betula pollen seasons in the context of
climate change (SW Poland). Sci Total Environ 573:740–750.
https://doi.org/10.1016/j.scitotenv.2016.08.103
Miguel AG, Taylor PE, House J et al (2006)Meteorological influences on
respirable fragment release from Chinese elm pollen. Aerosol Sci
Technol 40:690–696
Nowosad J (2015) Spatiotemporal models for predicting high pollen con-
centration level of Corylus, Alnus, and Betula. Int J Biometeorol 60:
843–855. https://doi.org/10.1007/s00484-015-1077-8
Nowosad J, Stach A, Kasprzyk I, Weryszko-Chmielewska E,
Piotrowska-Weryszko K, Puc M, Grewling Ł, Pędziszewska A,
Uruska A, Myszkowska D, Ch łopek K, Majkowska-
Wojciechowska B (2016) Forecasting model of Corylus, Alnus,
and Betula pollen concentration levels using spatiotemporal corre-
lation properties of pollen count. Aerobiologia (Bologna) 32:453–
468. https://doi.org/10.1007/s10453-015-9418-y
Pauling A, Rotach MW, Gehrig R, Clot B (2012) A method to derive
vegetation distribution maps for pollen dispersion models using
birch as an example. Int J Biometeorol 56:949–958. https://doi.
org/10.1007/s00484-011-0505-7
Pawankar R, Holgate ST, CanonicaGWet al (2013)WAOwhite book on
allergy Milwaukee. World Allergy Organization, WI
Pfender W, Graw R, Bradley W et al (2006) Use of a complex air pollu-
tion model to estimate dispersal and deposition of grass stem rust
urediniospores at landscape scale. Handb Environ Chem Vol 5
Water Pollut 139:138–153. https://doi.org/10.1016/j.agrformet.
2006.06.007
Piotrowska K, Kubik-Komar A (2012) The effect of meteorological fac-
tors on airborne Betula pollen concentrations in Lublin (Poland).
Aerobiologia (Bologna) 28:467–479. https://doi.org/10.1007/
s10453-012-9249-z
Puc M, Kotrych D, Lipiec A et al (2016) Birch pollen grains without
cytoplasmic content in the air of Szczecin and Bialystok.
Alergoprofil 12(2):101–105
Rapiejko P, Lipiec A, Wojdas A, Jurkiewicz D (2004) Threshold pollen
concentration necessary to evoke allergic symptoms. Int Rev
Allergol Clin Immunol 10:91–94. https://doi.org/10.1016/S0030-
6657(07)70491-2
Samoliński B, Sybilski AJ, Raciborski F, Tomaszewska A, Samel-
Kowalik P, Walkiewicz A, Lusawa A, Borowicz J, Gutowska-
Ślesik J, Trzpil L, Marszałkowska J, Jakubik N, Krzych E,
Komorowski J, Lipiec A, Gotlib T, Samolińska-Zawisza U, Hałat
Z (2009) Prevalence of rhinitis in Polish population according to the
ECAP (Epidemiology of Allergic Disorders in Poland) study.
Otolaryngol Pol 63:324–330. https://doi.org/10.1016/s0030-
6657(09)70135-0
Samoliński B, Raciborski F, Lipiec A, Tomaszewska A, Krzych-Fałta E,
Samel-Kowalik P, Walkiewicz A, Lusawa A, Borowicz J,
Komorowski J, Samolińska-Zawisza U, Sybilski AJ, Piekarska B,
Nowicka A (2014) Epidemiologia Chorób Alergicznych w Polsce
(ECAP). Alergol Pol - Polish J Allergol 1:10–18. https://doi.org/10.
1016/j.alergo.2014.03.008
Šaulienė I, Šukienė L, Daunys G et al (2019) Automatic pollen recogni-
tion with the rapid-E particle counter: the first-level procedure, ex-
perience and next steps. Atmos Meas Tech Discuss:1–33. https://
doi.org/10.5194/amt-2018-432
Schiavoni G, D’Amato G, Afferni C (2017) The dangerous liaison be-
tween pollens and pollution in respiratory allergy. Ann Allergy
Asthma Immunol 118:269–275. https://doi.org/10.1016/j.anai.
2016.12.019
Schueler S, Schlünzen KH (2006) Modeling of oak pollen dispersal on
the landscape level with a mesoscale atmospheric model. Environ
Model Assess 11:179–194. https://doi.org/10.1007/s10666-006-
9044-8
Int J Biometeorol
Siljamo P, Sofiev M, Filatova E, Grewling Ł, Jäger S, Khoreva E,
Linkosalo T, Ortega Jimenez S, Ranta H, Rantio-Lehtimäki A,
Svetlov A, Veriankaite L, Yakovleva E, Kukkonen J (2013) A nu-
merical model of birch pollen emission and dispersion in the atmo-
sphere. Model evaluation and sensitivity analysis. Int J Biometeorol
57:125–136. https://doi.org/10.1007/s00484-012-0539-5
Sofiev M (2019) On possibilities of assimilation of near-real-time pollen
data by atmospheric composition models. Aerobiologia (Bologna)
35:523–531. https://doi.org/10.1007/s10453-019-09583-1
Sofiev M, Siljamo P, Ranta H, Rantio-Lehtimäki A (2006) Towards
numerical forecasting of long-range air transport of birch pollen:
theoretical considerations and a feasibility study. Int J Biometeorol
50:392–402. https://doi.org/10.1007/s00484-006-0027-x
Sofiev M, Siljamo P, Ranta H, Linkosalo T (2013) A numerical model of
birch pollen emission and dispersion in the atmosphere. Description
Emission Module 57:45–58. https://doi.org/10.1007/s00484-012-
0532-z
Sofiev M, Berger U, Prank M, et al (2015) MACC regional multi-model
ensemble simulations of birch pollen dispersion in Europe
Spieksma FTM, Corden JM, Detandt M, Millington WM, Nikkels H,
Nolard N, Schoenmakers CHH, Wachter R, de Weger LA,
Willems R, Emberlin J (2003) Quantitative trends in annual totals
of five common airborne pollen types (Betula, Quercus, Poaceae,
Urtica, and Artemisia), at five pollen-monitoring stations in western
Europe. Aerobiologia (Bologna) 19:171–184. https://doi.org/10.
1023/B:AERO.0000006528.37447.15
Stach A, Smith M, Skjøth CA, Brandt J (2007) Examining Ambrosia
pollen episodes at Poznań (Poland) using back-trajectory analysis.
Int J Biometeorol 51:275–286. https://doi.org/10.1007/s00484-006-
0068-1
Taylor PE, Jacobson KW, House JM, Glovsky MM (2007) Links be-
tween pollen, atopy and the asthma epidemic. Int Arch Allergy
Immunol 144:162–170. https://doi.org/10.1159/000103230
Tsarpalis K, Papadopoulos A,Mihalopoulos N, Spyrou C,Michaelides S,
Katsafados P (2018) The implementation of a mineral dust wet
deposition scheme in the GOCART-AFWA module of the WRF
model. Remote Sens 10:1595. https://doi.org/10.3390/rs10101595
Tseng YT, Kawashima S, Kobayashi S, Takeuchi S, Nakamura K (2020)
Forecasting the seasonal pollen index by using a hidden Markov
model combining meteorological and biological factors. Sci Total
Environ 698:134246. https://doi.org/10.1016/j.scitotenv.2019.
134246
Tuccella P, Curci G, Visconti G, Bessagnet B, Menut L, Park RJ (2012)
Modeling of gas and aerosol with WRF/Chem over Europe: evalu-
ation and sensitivity study. J Geophys Res 117:D03303. https://doi.
org/10.1029/2011JD016302
Ukhov A, Ahmadov R, Grell G, Stenchikov G (2020) Improving dust
simulations in WRF-Chemmodel v4 . 1 . 3 coupled with GOCART
aerosol module 1–30. https://doi.org/10.5194/gmd-2020-92
Voukantsis D, Niska H, Karatzas K, Riga M, Damialis A, Vokou D
(2010) Forecasting daily pollen concentrations using data-driven
modeling methods in Thessaloniki, Greece. Atmos Environ 44:
5101–5111. https://doi.org/10.1016/j.atmosenv.2010.09.006
Werner M, Kryza M, Ojrzyńska H, Skjøth CA, Wałaszek K, Dore AJ
(2015) Application of WRF-Chem to forecasting PM10 concentra-
tion over Poland. Int J Environ Pollut 58:280
Werner M, Kryza M, Wind P (2018) High resolution application of the
EMEP MSC-W model over Eastern Europe – analysis of the
EMEP4PL results. Atmos Res 212:6–22. https://doi.org/10.1016/j.
atmosres.2018.04.025
Werner M, Kryza M, Guzikowski J (2019a) Can data assimilation of
surface PM2.5 and satellite AOD improve WRF-Chem forecasting?
A case study for two scenarios of particulate air pollution episodes in
Poland. Remote Sens 11:2364. https://doi.org/10.3390/rs11202364
WernerM,KryzaM, PagowskiM,Guzikowski J (2019b) Assimilation of
PM2.5 ground base observations to two chemical schemes in WRF-
Chem – the results for the winter and summer period. Atmos
Environ 200:178–189 S1352231018308732
Weryszko-Chmielewska E, Piotrowska-Weryszko K, Haratym W et al
(2016) Betula pollen season in southern Poland in 2016.
Alergoprofil 12:96–100
Wilks DS (2011) Statistical methods in the atmospheric sciences.
Academic Press, Oxford
Wypych A, Sulikowska A, Ustrnul Z, Czekierda D (2017) Variability of
growing degree days in Poland in response to ongoing climate
changes in Europe. Int J Biometeorol 61:49–59. https://doi.org/10.
1007/s00484-016-1190-3
Yu S, Eder B, Dennis R, Chu SH, Schwartz SE (2006) New unbiased
symmetric metrics for evaluation of air quality models. Atmos Sci
Lett 7:26–34. https://doi.org/10.1002/asl.125
Zink K, Pauling A, Rotach MW, Vogel H, Kaufmann P, Clot B (2013)
EMPOL 1.0: a new parameterization of pollen emission in numer-
ical weather prediction models. Geosci Model Dev 6:1961–1975.
https://doi.org/10.5194/gmd-6-1961-2013
Int J Biometeorol
